Introduction
Vectorial transport ofbile acids from sinusoidal blood into bile is an important function of hepatocytes. Hepatic secretion of bile acids involves uptake by the sinusoidal plasma membrane, intracellular transport from the sinusoidal pole of the cell to the canalicular pole, and translocation into bile across the canalicular membrane (1) . Uptake of conjugated bile acids by the sinusoidal plasma membrane involves a sodium-dependent process, stimulated by a sodium gradient (Na' outside > Na' inside) (2) (3) (4) (5) (6) (7) . The carrier proteins responsible for this process have been identified by photoaffinity labeling techniques (8) (9) (10) (11) and partially purified (12) . Canalicular secretion is thought to be a sodium-independent process that is probably energized, at least in part, by the membrane potential (6, 13) . Putative canalicular carrier proteins have also been identified by photoaffinity labeling (1 1, 14) .
Whereas the sinusoidal and canalicular steps of the transport process are partially understood, little is known about intracellular transfer from the sinusoidal to the canalicular membranes. Bile acid-binding proteins have been identified in the cytosolic fraction of liver cells (15-17), but their role in transport has not been established. Autoradiographic studies of the localization of the bile acid analogues 125I-cholylglycyltyrosine and '251-cholylglycylhistamine have shown a preferential distribution of grains over the Golgi apparatus (GA)' ( 18, 19) ; grains were also associated with the smooth endoplasmic reticulum (SER). These observations have led to the hypothesis that bile acids may move from the sinusoidal plasma membrane to bile via a vesicular pathway that includes the SER and the GA.
In an effort to determine the localization of natural bile acids in the liver, we have used an indirect immunoperoxidase technique with an antibody against conjugated cholic acid. We have attempted to localize cholic acid conjugates in the liver of rats in the basal state and in the liver of rats infused intravenously with sodium taurocholate. We have also used an antibody against ursodeoxycholic acid in normal rats (which have no or minimal amounts of this bile acid) and in rats loaded with ursodeoxycholate (UDCA) by an intravenous infusion. The results show a staining of vesicular structures, mostly of the GA and the SER after incubation with the antibodies against conjugated cholic acid. They support the view of a participation ofa vesicular system to the transport ofbile acids by the hepatocyte. Two groups ofrats were investigated for the localization ofUDCA: (a) six normal rats; and (b) four rats infused intravenously for 60 min with a solution of UDCA (courtesy of Roussel Uclaf, Romainville, France) at a rate of 1,200 nmol/min per 100 g body wt.; UDCA was dissolved in 0.15 M NaCl/Na2CO3, vol/vol at a concentration of 76 mmol/liter and infused at a rate of 37.5 Ml/min into a jugular vein.
When needed, the jugular vein was cannulated and infusions of bile acids were given through a No. 1 catheter (i.d. 0.3 mm, Biotrol, Paris, France). The experimental groups are indicated in Table I. Preparation and specificity ofantisera against bile salts. Two antisera, one against conjugated cholic acid and the other against UDCA were used. These antisera were prepared by immunizing rabbits with the bile salt linked to BSA according to a technique previously described (20) . Anti-BSA antibodies were removed by incubation with aqueous BSA.
The absence ofcross-reactivity between both antisera and BSA was checked by immunoelectrophoresis.
The antisera specificity was assessed by RIA as previously reported (21) . Tritium-labeled glycocholic acid (5 Ci/mmol sp act) and 22-23-
[3H]ursodeoxycholic acid (37 Ci/mmol sp act) were used. Standard solutions with amounts ranging from 1 to 500 pmol for each bile acid were prepared and an appropriate dilution of the antiserum was crossreacted with its specific bile acid and with other bile acids. The assay was carried out in 0.1 M phosphate buffer, pH = 7.2, at 4VC for 12 h. The bound fraction was separated by (NH4)2SO4 precipitation and the radioactivity in the free fraction was measured by liquid scintillation counting. Results for the antiserum against cholic acid conjugates have been published elsewhere (21) . For the antiserum against UDCA, cross-reactivity, expressed as percent cross-reaction at 50% of antigen- Liver fixation. Rat livers were perfused with a 4% paraformaldehyde (PF) solution buffered with 0.1 M sodium phosphate buffer, pH 7.4, through the portal vein for 5 min at a flow rate of 10 ml/min per 100 g body wt according to a technique described by Pignal et al. (22). 1-mm-thick slices were made randomly in the fixed liver and immersed in the same fixative for 4 h. After being washed for 24 h in a 0.1 M sodium phosphate buffer, pH 7.4, the slices were placed overnight in a 10% glycerol solution prepared with the same buffer. Slices were then frozen in isopentane prechilled with liquid nitrogen.
Immunohistochemical procedures. 8-Mm-thick cryostat sections were incubated in a 1:50 solution of the specific antiserum for 2 h at room temperature. After being washed with PBS, the sections were incubated with sheep peroxidase labeled anti-rabbit immunoglobulins (Institut Pasteur Production, Paris, France). After three washings with PBS, peroxidase activity was revealed by a specific histochemical reaction (23) . When indicated, saponin (Sigma Chemical Co.), a membrane-permeabilizing agent, at a concentration of 0.1%, was added to the fixative, the washing solutions, and the first antiserum. Be PF 1176 with veronal buffer pH 7.2, dehydrated in graded ethanol solutions, and embedded in epoxy resin. Ultrathin sections were made and observed with a Siemens Elmiskop IA electron microscope without further staining.
Three control reactions were made: (a) incubation of the sections with the peroxidase-labeled antiserum only; (b) immersion of the sections in the medium specific of the peroxidase activity (22); and (c) incubation of the sections with the antibody against conjugated cholic acid that had first been saturated with TC in vitro.
To determine the loss of bile acids from the liver during fixation and tissue processing, in six experiments, 10 ,umol/100 g body wt TC with 4 AsCi of [14C]TC (New England Nuclear, Boston, MA) were injected into the jugular vein. 45 s later, a liver biopsy specimen was taken to measure initial radioactivity, before perfusion fixation. Perfusion of PF (or PF + saponin) was then started and another biopsy specimen was taken at the end of the perfusion to measure radioactivity after perfusion fixation. The specimen was then processed as indicated above, and all processing fluids were collected and counted to determine the loss ofradioactive bile acids during processing. The liver specimens were weighed and digested in 1 ml soluene 350 (Packard Instruments Co., Inc., Downers Grove, IL); 10 ml of liquid scintillation fluid was added and the specimen was counted in a liquid scintillation spectrometer. Aliquots of the processing fluids were counted in the same way.
Results
The retention of bile acids after injection of labeled TC is indicated in Table II . On the average, the retention after perfusion fixation was 70%, and the retention after tissue processing was 26%.
Light microscopy Group 1. In normal rat livers fixed by PF and when saponin was added, incubation with the antibody against conjugated cholic acid resulted in staining of dark-brown granules located in the cytoplasm of every hepatocyte, throughout the hepatic lobule ( Fig. 1 A) . No obvious difference in the intensity of the reaction was observed between the different zones of the lobule. In each hepatocyte, a variable number of granules was visible and their volume differed slightly from cell to cell. Granules were located either at the periphery ofthe hepatocyte and mostly near the bile canaliculus, or randomly distributed in the cytoplasm of the cell. No reaction was observed in the nonparenchymal cells.
In rat livers fixed by PF without saponin, granules were not visible. A slight brownish reaction was only visible on the sinusoidal plasma membrane of hepatocytes. Group 2. In rats infused with TC and when the liver was fixed in presence of saponin, the intensity of the reaction observed in the hepatocytes increased, but the cytoplasmic granule distribution was similar to that observed in the normal state ( Fig. 1 B) . Again, there was no difference between the zones ofthe hepatic lobule. In rat livers fixed by PF alone, as in the normal animals, cytoplasmic granules were not visible. Group 3. In three ofthe four rats, no staining was observed. In one of the four rats, when the liver was fixed with PF and saponin, the staining after incubation with the antibody against UDCA was visible only in < 1% of hepatocytes randomly distributed in the hepatic lobule. The reaction was expressed by a limited number of dark-brown cytoplasmic granules ofweak intensity ( Fig. 1 C) . No reaction was visible in the other hepatic cells.
In rat livers fixed by PF alone, no reaction was observed. Group 4. In rats infused with UDCA and when the liver was fixed with PF and saponin, granules were observed in the cytoplasm of most hepatocytes ( Fig. 1 D) . In rat livers fixed with PF alone, granuleswere not detected in the hepatocytes.
Control reactions were negative in all groups of rats. In particular, almost no reaction was observed after incubation with the antibody, which had first been saturated with TC ( Fig. 2 ).
Electron microscopy Group 1. When the liver was fixed by PF and saponin, the reaction with anti-conjugated cholic acid antibody was expressed as electron-dense deposits, mainly located in the GA and sometimes in the SER. In the GA, the labeling of the saccules was homogeneous in some organelles; in other organelles, trans and medial saccules presented a strong labeling, with no labeling visible in the cis saccule ( Fig. 3 A) . Most often, electron-dense deposits were present on the membranes ofthe saccules; however, some deposits were also visible in the lumina ofthe dilated parts ofthe Golgi saccules. Vesicles around the saccules and between the trans saccule and the plasma membrane of the bile canaliculus were sometimes labeled. Deposits were also visible on some vesicles belonging to the SER (Fig. 3 A) . No reaction was detected on the membranes and in the cisternae of the rough endoplasmic reticulum. The other hepatocyte organelles were consistently negative. No deposit was observed in nonparenchymal hepatic cells.
In rat livers fixed by PF alone, a strikingly different pattern was observed. The reaction was located on the plasma membrane and almost no reaction was visible in the cytoplasm of hepatocytes. Staining was mainly present on the bile canalicular membrane, and rather homogeneously distributed on the microvilli of the bile canaliculus ( Fig. 3 B ). There were also some electron-dense deposits on the hepatocyte sinusoidal membrane but the distribution was irregular, some microvilli being devoid of labeling. The lateral plasma membrane was not labeled. The GA was never positive. In a small number of hepatocytes, some cytoplasmic vesicles were labeled. Group 2. In rats infused with TC and when the liver was fixed by PF and saponin, an intense reaction was observed in the GA and the SER of the hepatocytes. The reaction was more strongly positive than in group 1 rats, which had not been infused with TC. The GA was more voluminous than in normal rats. Numerous labeled vesicles were observed around the Golgi saccules. The labeling was also more intense, homogeneous, and visible on every GA saccule (Fig. 3 C) . In the GA and the SER, staining was mainly present on the membranes of these organelles but sometimes visible inside their lumina. The other hepatocyte organelles were not labeled. A dilatation of the bile canaliculi was visiblb but their plasma membrane was not labeled. In rats fixed by PF alone, the plasma membrane was labeled particularly on the bile canaliculi, which were dilated ( Fig. 3 D) ; the microvilli of the bile canaliculi were almost absent. On the remaining microvilli the labeling was more intense than that observed in group 1 rats. Sinusoidal plasma membrane labeling was also visible. In the cytoplasm there was no labeling except for a few vesicles. Group 3. When the liver was fixed by PF and saponin, the reaction with anti-ursodeoxycholic acid antibody was visible only in the GA of some hepatocytes from one animal out of the four examined ( Fig. 4 A) . Some SER vesicles were also labeled. The hepatocytes of the three other animals were consistently negative. In rat livers fixed by PF alone, no staining was observed in the cytoplasm of hepatocytes ( Fig. 4 B) . No reaction was visible on the membrane of the bile canaliculus.
Group 4. In rat livers fixed with PF and saponin, the bile canalicular plasma membrane was generally negative. A positive reaction was observed in the GA (Fig. 4 C) and in some vesicles belonging to the SER.
In rat livers fixed with PF alone, the labeling of the bile canalicular membrane was intense ( Fig. 4 D) . Bile canaliculi also were dilated. No labeling was observed in the cytoplasm of the hepatocytes.
Control reactions were negative in all groups of rats.
Discussion
In this work, two different methods for liver fixation were used; (a) perfusing the liver with PF alone; and (b) using saponin and PF. Saponin is a membrane-permeabilizing agent widely used in immunoenzymatic techniques (24) . When PF was used alone, almost no intracellular labeling was recognized in the hepatocytes, whereas the plasma membrane was strongly labeled, particularly the canalicular membrane. This was probably due to a lack ofpenetration ofantibodies into the hepatocytes: in the absence of plasma membrane permeabilization, it is well known that peroxidase-labeled antibodies cannot penetrate the cells easily (24, 25) . The labeling of the plasma membrane may possibly be explained by a localization ofconjugated cholic acid on the external face ofthe membrane during the steps ofsinusoidal uptake and canalicular secretion. When saponin was added to the fixative, labeling ofthe plasma membrane was no longer apparent, possibly because of changes in the structure ofthe membrane; saponin is a cholesterol-dissolving agent (26) and produces holes in the plasma membrane (27) . Such changes may modify bile acid localization or recognition by the antibodies. It should be pointed out, however, that after the use of saponin, intracellular membranes remain morphologically and functionally intact (28) . The loss ofbile acids during the procedure was, on the average, 75% (Table II) . This is of the same order of magnitude as that reported by Suchy et al. (18) . It may be speculated that the bile acids lost during processing were mostly those not associated with intracellular organelles. This raises the possibility that the conclusions of the study may only apply to the fraction of bile acids retained in the liver during the procedure.
In the experiments with the antibody against conjugated cholic acid, light microscopy showed staining in the cytoplasm of all hepatocytes throughout the lobule; the intensity of the staining clearly increased when the animals had previously been loaded with TC by an intravenous infusion, and the reaction disappeared almost completely when an antibody first saturated with TC was used. These observations strongly suggest that the staining was due to recognition of conjugated cholic acid itself by the antibody and not artifactual. No lobular gradient in the staining was observed, in contrast to previous studies using labeled bile acids or bile acid analogues and autoradiography (29, 30) . However, such a lobular gradient is only observed with tracer doses ofthe labeled bile acid, and the gradient disappears when a relatively high dose (8 gmol) is injected (30) . Therefore, in our experimental conditions, i.e., with a high infusion rate (1, 200 nmol/min per 100 g body wt), one would expect a homogeneous distribution of taurocholate throughout the lobule. No staining was observed in the liver of normal rats incubated with the antibody against ursodeoxycholic acid, except for a weak staining of a small number of Golgi vesicles in one animal. This, again, is expected because normal rats synthesize no or minimal amounts of ursodeoxycholic acid (31) . The weak staining in one animal may be explained either by small quantities of ursodeoxycholic acid in this animal, or by cross-reactivity with rat bile acids, in particular, muricholate.
By electron microscopy, the intracellular staining was clearly localized in the Golgi apparatus and, to a lesser extent, the smooth endoplasmic reticulum. Again, the labeling was more intense in animals infused with taurocholate. In these animals, the Golgi apparatus appeared dilatated. Note that an increase in the amount of Golgi-rich area and Golgi membranes has previously been reported after TC infusion (32, 33) . These observations strongly suggest that one step of the intracellular transport of TC involves an interaction with the vesicles of the GA and of the endoplasmic reticulum. The hypothesis ofthe participation ofvesicles in the intracellular transport of bile acids is consistent with several other previous observations. Firstly, the autoradiographic studies of Suchy and associates (18), using '25I-cholylglycyltyrosine, have shown a predominant labeling of the plasma membrane and the SER 30 s after portal injection, and a sevenfold increase in the labeling of the GA 300 s after injection. In the same experiments, labeling of the pericanalicular area was also noted 300 s after injection. Secondly, subcellular distribution studies have (1), the bile acid may be bound to protein, transported through the cytoplasm to the canalicular carrier (2) , and secreted into bile by carrier-mediated transport. Alternatively, it may be transported into the GA (3) and transferred to the bile canaliculus in Golgi-derived vesicles (4) . Secretion into the canalicular lumen would occur by exocytosis (5) . B.A., bile acid.
shown high-affinity binding sites for bile acids on the GA (34). Furthermore, an uptake mechanism for TC, distinct from that ofthe sinusoidal plasma membrane, has been identified in the Golgi and smooth microsomal fractions ofthe hepatocyte (35), a finding consistent with a role of smooth vesicles and of the Golgi apparatus in taurocholate transport. This system has been postulated to translocate TC into the lumen of the GA (35) . Thirdly, colchicine, which interferes with microtubuledependent vesicular transport processes, has been shown to inhibit bile acid secretion in the rat after a bile acid load (36) (37) (38) (39) ) and, to a lesser extent, bile acid uptake by isolated rat hepatocytes (40) . This effect is observed when a load of bile acid is given, and not when a tracer dose is given (41) . This suggests that a tracer dose can be secreted via a colchicine-insensitive mechanism. Fourthly, as indicated above, infusions ofbile acids were associated with an increase in Golgi-rich area and vesicles in the pericanalicular area (33, 42) . In our experiments, we observed a marked dilatation of some Golgi vesicles during infusions of bile acids and choleresis. In time-lapse movies of isolated hepatocytes, an extensive traffic, especially between the Golgi region and the bile canaliculus, was observed (43) ; this activity became more intense in the presence of bile acids (44) . Staining of trans Golgi vesicles was more intense than that of other parts of the GA. It is now well established that the trans Golgi network plays an essential role in vesicular secretory processes (45) .
When antibodies against ursodeoxycholic acid were used in animals infused with this bile acid, in livers fixed with paraformaldehyde and saponin, vesicles of the SER and the GA were stained. However, the staining was less intense than that obtained with antibodies against cholic acid conjugates in animals infused with TC. In livers fixed without saponin, an intense labeling of the canalicular membrane was observed.
It may be speculated that the staining of the membrane could correspond to binding of the bile acid to the canalicular carrier responsible for excretion into the bile canaliculi. By autoradiography, grains were also observed in the canalicular area and over the canalicular membrane (18) . Note that some staining of the sinusoidal membrane was also observed: this could possibly correspond to binding of the bile acid to the sinusoidal carrier. Such staining of the plasma membrane was observed mostly in animals infused with bile acids (TC or UDCA); in these animals, the concentration of the bile acid within the hepatocyte plasma membrane was presumably higher than in animals not receiving exogenous bile acids.
One cannot completely exclude a redistribution of bile acids during fixation and tissue processing. If this were the case, the specific redistribution of TC on the GA would directly confirm the presence of high-affinity binding sites for TC on the GA, as demonstrated by Simion et al. (34) .
The participation of vesicles of the Golgi complex in bile acid transport by the hepatocyte does not exclude nonvesicular mechanisms, such as binding to cytosolic proteins. The absence ofany labeling ofthe cytoplasm in our experiments does not rule out this possibility. The absence of labeling could be due to a concentration ofbile acids in the cytosol too low to be detected. It is possible that small amounts of bile acids, for example bile acids present as monomolecular species, may be transported in the cell cytoplasm and secreted into bile by the canalicular carrier (14) . However, a model including vesicular transport, as proposed by Simion et al. (35) and Goldsmith et al. (19) , would be most compatible with many observations, in particular with those of this study. According to this model, taurocholate would first be taken up by a sodium-dependent, secondary active process; it could then either be bound to cytosolic proteins and/or directly taken up by Golgi-associated vesicles; the bile acid would be transferred into the lumen of the Golgi vesicles by a specific transport system; the vesicles would then move to the canalicular area and bile acids would be secreted into bile, possibly by exocytosis ( Fig. 5 ). It should be pointed out that exocytosis, at this stage, is under speculation: we have not observed any morphological picture indicating that such a process was indeed operative. Another possibility could be incorporation into the Golgi membrane itself. Carey and Cohen (46) have recently suggested that bile salt/ lipid vesicles could be formed under certain experimental conditions. Taurocholate, in this case, could be transported by membrane/membrane interaction, or again, by exocytosis after membrane fusion.
The speed of vesicular transport of a substrate that needs no biotransformation by the liver cell after being taken up may be fast enough to account for the kinetics ofbiliary secretion of taurocholate. It is known that substrates may move within cells by vesicular transport at a rate of up to 5 gms-1, as demonstrated in neurons (47) ; this fast transport is microtubule dependent and may be related to a microtubule-associated ATPase named kinesin (48) , which is present in liver cells (49) .
At rates of this order of magnitude, taurocholate could move from the sinusoidal pole to the canalicular pole of the hepatocyte (a distance of 10-20 ,m) in less than a minute. Its time of appearance in common duct bile (including transit time in the bile ducts) is of the order of 65 s (50) . A vesicular transport of this kind thus may be faster and more efficient than random diffusion of a protein-bound substrate throughout the hepatocyte to direct bile acids from the sinusoidal pole to the canalicular pole of the hepatocyte.
